The soluble urokinase plasminogen activator receptor (suPAR) is a biomarker of mortality risk in various patient populations. However, little is known about the implications of lifestyle for suPAR levels in the general population. Lifestyle, demographic, and cardiovascular disease (CVD) risk factor data were collected from 5,538 participants in the Danish population-based Inter99 study. Their suPAR levels were measured using a sandwich enzymelinked immunosorbent assay. In the final adjusted model, smoking and morbid obesity were strongly associated with higher suPAR levels (P , 0.001). An unhealthy diet and alcohol abstinence in men were also associated with higher suPAR levels. Physical activity in leisure time had a modest impact on suPAR levels in univariate analysis, but not in the final adjusted model. In conclusion, smoking and morbid obesity were strongly associated with higher serum suPAR levels in this general population. Diet and alcohol consumption also seemed to impact suPAR levels. Lifestyle changes are likely to affect suPAR since ex-smokers had suPAR levels comparable to those of never-smokers.
Introduction
Inflammation is thought to be a key player in the development of an increasing number of diseases. Many different markers are used to measure an increased inflammatory state, including pro-inflammatory proteins such as tumor necrosis factor alpha (TNF-α), elevated levels of C-reactive protein (CRP), and increased leukocyte count. CRP is currently the gold standard biomarker for measuring low-grade or chronic inflammation. However, since CRP is an acute phase reactant, measurements of CRP in otherwise healthy individuals may not reflect the basal inflammatory level if acute inflammation is present.
The soluble urokinase plasminogen activator receptor (suPAR) is a recently established biomarker of inflammation and immune activation, and elevated suPAR levels are associated with disease severity and mortality in various patient populations. [1] [2] [3] [4] [5] [6] [7] [8] In the general population, suPAR is thought to reflect a state of chronic inflammation, similar to CRP. The Danish part of the MONICA studies showed that elevated suPAR levels are associated with an increased risk for cardiovascular disease (CVD), type 2 diabetes, cancer, and premature mortality in the general population, independently of CRP. 9 Another population-based study in Malmö, Sweden, confirmed that elevated suPAR levels are associated with a higher 10 These studies also report some associations of suPAR with baseline subject characteristics like age, sex, and smoking habits; however, these findings were not discussed extensively and only univariate analyses were conducted as the studies were designed to associate suPAR levels with specific long-term outcomes, rather than with baseline data.
Risk Factors Associated with Serum Levels of the Inflammatory Biomarker Soluble Urokinase Plasminogen Activator Receptor in a General
As a result, little is known about which factors impact suPAR levels in the general population. We hypothesized that known risk factors for mortality, such as smoking, would also be associated with higher suPAR levels. The primary aim of this study was to investigate the possible link between suPAR levels and lifestyle factors in a general population. We also wanted to investigate the associations between suPAR levels and demographic variables and risk factors for CVD in a general population.
Methods study sample. The aim of the Inter99 study was to decrease the incidence of CVD in a general population cohort through systematic computer-aided risk screening and nonpharmacological intervention, such as advising people to adopt a healthy diet, quit smoking, keep alcohol consumption low, and engage in high levels of physical activity. The study design and results are reported in detail elsewhere. 11, 12 Briefly, the study population comprised all 61,301 persons born in 1939-40, 1944-45, 1949-50, 1954-55, 1959-60, 1964-65, and 1969-70 , who were living in the 11 municipalities in the south-western part of Copenhagen County on December 2, 1998. These people were identified using their unique Danish civil registry identity numbers. From the study population, a random sample of 13,016 persons was invited to participate. A total of 6,784 persons agreed to participate (52.5%). We excluded those who did not have serum samples available for suPAR measurement (n = 1,244, 18.3%) and those in whom the serum suPAR level was out of range of the enzyme-linked immunosorbent assay (ELISA) (n = 2, 0.04%). Thus, a total of 5,538 participants were included in the final analysis. Data from the extensive questionnaire, physical measurements, and blood samples were collected at the baseline examinations, which were conducted from March 1999 until January 2001.
All participants provided written informed consent before taking part in the study. The study was approved by the local ethics committee (KA 98 155), by the Danish Data Pro tection Agency, and it was conducted in accordance with the Declaration of Helsinki. The study is registered with ClinicalTrials. gov (NCT00289237). demographic variables. The participants' age and sex were confirmed using their civil registry identity numbers. Regarding socioeconomic status (SES), participants were asked about the duration of their vocational/higher education, which was categorized as low (,2 years), medium (2 to 4 years), or high (.4 years). cardiovascular risk factors. The participants had their CVD risk assessed at baseline. 11 Participants were asked to fast after midnight on the day of the baseline examination, which was defined as no smoking, eating, or drinking except for a little water together with routine medications in the morning. All had their blood pressure measured twice with a mercury sphygmomanometer after resting for 5 minutes in a supine position. If the systolic blood pressure (SBP) was above 140 mmHg, the measurement was repeated twice more, and the lowest measurement was reported. Height was measured without shoes to the nearest centimeter, weight without shoes and overcoat to the nearest kilogram, and the body mass index (BMI) was calculated as weight/height 2 . Fasting blood samples were drawn and stored at −18 °C until analysis. Plasma total cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol were determined by an enzymatic technique (Boehringer Mannheim, Germany). The personal history of myocardial infarction (MI) and the family history of MI were self-reported in the questionnaire. Participants who reported incident diabetes were classified as such. Those who reported no diabetes underwent a standard 75 g oral glucose tolerance test (OGTT). If fasting plasma glucose (FPG) was $7.0 mmol/L or 2-hour plasma glucose was $11.1 mmol/L, the subjects were reclassified as having incident diabetes.
Lifestyle variables. Regarding diet, participants answered a 52-item food frequency questionnaire (reference period: one week). To simplify the data, we used the dietary quality score, which is a three-class quality variable generated for each of four food groups (fish, vegetables, fruits, and fats), and classified the diet as a healthy diet, an average diet, or an unhealthy diet. This score was validated previously. 13 For smoking, participants were asked about their smoking habits (daily, occasional, ex-or never-smoker) and grouped accordingly. Occasional smokers were excluded from the analysis (n = 207, 3.7%) because of the group's small size. Daily smokers were asked about their average daily tobacco use. We measured grams of tobacco per day in the following way: one cigarette/gram of pipe tobacco = 1 g; one cheroot = 3 g; one cigar = 5 g. Daily smokers were categorized by daily tobacco use into these categories: ,15 g, 15-24.9 g, or $25 g per day.
For alcohol, participants reported their average weekly consumption of beer, strong beer, wine, fortified wine, and liquor. The weekly alcohol consumption was calculated in units of alcohol per week (one unit = 12 g of alcohol). We classified the participants' alcohol use as abstinent (0 units 14 ) using SAS 9.3 (SAS Institute, Cary, NC, USA). Correlation analysis was performed for continuous variables, and we report the Kendall's tau-b correlation coefficient. 15 Multiple linear regression was used in the adjusted models. The residuals appeared to be heteroscedastic, with larger values that did not support the normality assumption. Parametric 95% bootstrap confidence intervals (CIs) were calculated based on the results for each variable in all models. The differences in the CIs based on the models and the corresponding bootstrap estimates were all between −0.1 and 0.1, leading us to accept the model results. BMI had a non-linear association with suPAR levels and was included as a cubic spline with knots 18 and 40. All multiple linear regressions were performed using R 3.02 (R Foundation, Vienna, Austria). A P-value less than 0.05 was considered statistically significant.
Modeling strategy. We analyzed three adjusted models (CVD risk factor, Lifestyle, and Combined models) in order to assess the effects of multiple mutually adjusted downstream factors. All models included multiple linear regressions with serum suPAR concentration as output, and the Combined model consisted of the statistically significant variables from the CVD and Lifestyle models. The models were tested for pair-wise interactions between sex, smoking, alcohol consumption, and BMI. Sex interactions were present in all models, and estimates are therefore presented separately for men and women. The other interactions showed no clear trend and appear to be the result of residual confounding -they are therefore not reported in the final models.
In order to have a reference point for each explanatory variable, we defined the reference point as someone who was 30 years old at the time of the baseline examination, a neversmoker who ate a healthy diet, was physically active, and who drank alcohol within the recommended limits. The reference point also had a total cholesterol level of 4 mmol/L, HDL cholesterol of 2 mmol/L, a triglyceride level of 1 mmol/L, a SBP of 120 mm Hg, a BMI of 20 kg/m 2 , no incident diabetes, and no personal or family history of MI. Estimates from the same models are displayed in two separate tables, for men and women, because of interactions between sex and other variables. The effect of sex thus accounted for the difference in suPAR levels between the male and the female reference points.
To visualize how different risk factor profiles impact on suPAR levels, we defined six illustration persons: a healthy man and woman with the same characteristics as the abovementioned reference point; a man and woman at high CVD risk who instead ate an unhealthy diet, was physically inactive, and who had an overuse of alcohol. The high CVD risk illustration persons also had a total cholesterol level of 8 mmol/L, HDL cholesterol of 0.8 mmol/L, a triglyceride level of 6 mmol/L, a SBP of 160 mm Hg, a BMI of 40 kg/m 2 , incident diabetes, as well as both a personal and family history of MI. Finally, we defined a man and woman with the same high CVD risk factors as above, but who in addition had a daily tobacco use of $25 g/day.
Since BMI was included as a cubic spline, direct interpretation of the estimates is difficult and they are therefore not listed in the tables. Instead, the relationship between suPAR level and BMI is displayed graphically, and the tests for BMI were performed on the spline basis variables. results simple associations between suPAr levels and demographic characteristics. Men had a mean serum suPAR level of 3.51 ng/mL, whereas women had a mean suPAR level of 3.90 ng/mL (P , 0.0001). suPAR levels increased with age for both men and women, but the increase per year was greater for men (Table 1 ). Higher SES was associated with lower suPAR level ( Table 2) .
simple associations between suPAr levels and lifestyle factors. An unhealthy diet was associated with higher serum suPAR levels in both men and women (Table 2 ). Only one out of 10 men reported eating a healthy diet, whereas twice as many women as men ate a healthy diet.
Daily smoking was strongly associated with higher serum suPAR levels. We observed a dose-response-like relationship between tobacco consumption and median suPAR level (Table 2) . Interestingly, ex-smokers had suPAR levels comparable to those of never-smokers (P = 0.06 for men and P = 0.8 for women). The prevalence of daily smokers was similar among men and women, but twice as many men were in the heaviest smoking category for daily tobacco use.
Men who drank alcohol within recommended limits had the lowest suPAR levels. Alcohol overuse as well as alcohol abstinence were associated with higher suPAR levels (P , 0.0001). In contrast, women trended toward having lower suPAR levels when they overused alcohol (P = 0.066). Similar to the findings for dietary and smoking habits, one out of five men drank more alcohol weekly than recommended, whereas only half as many women exceeded the recommended limits.
Physically active men and women had lower suPAR levels than their sedentary counterparts (both P , 0.0001). The prevalence of sedentarism was similar for men and women.
simple associations between suPAr levels and cVd risk factors. There was a strong positive correlation between BMI and suPAR levels and between triglycerides and suPAR levels (P , 0.0001) for both men and women (Table 1) . HDL cholesterol showed a strong negative association with suPAR levels (P , 0.0001 for both sexes). There was a modest positive association between SBP and suPAR levels in men (P = 0.035), but not in women. There was a strong positive association of total cholesterol levels with suPAR levels in women (P , 0.0001), but not in men. A personal history of MI was associated with higher suPAR levels ( Table 2) . Women with a family history of MI had slightly higher suPAR levels than those without (P = 0.011), but this was not evident in men. Incident diabetes was associated with higher suPAR levels in both men and women.
Adjusted analyses. Demographic and lifestyle factors. The sex difference for suPAR levels was evident in all adjusted models, with women having 0.50-0.53 ng/mL higher suPAR levels than men (P , 0.001 for every reference point's suPAR level, Tables 3 and 4) . A positive association with age was also present in every model (P , 0.05 for women in the CVD model, P , 0.001 for the others). However, the suPAR level increased more with age in men than in women. Both average (P , 0.01) and unhealthy (P , 0.05) diets were associated with higher suPAR levels in the Lifestyle model. The effect's size and significance level diminished slightly in the Combined model. As in univariate analysis, ex-smokers had the same suPAR levels as never-smokers. However, all levels of daily tobacco consumption were associated with higher suPAR levels (P , 0.001 for all daily smokers). Alcohol showed the same sex-specific associations as in univariate analysis: higher suPAR levels in abstinent men and lower suPAR levels in women who overused alcohol (P , 0.01). Physical activity had a very small effect in the Lifestyle model, and it did not reach significance in the Combined model.
There were more missing values for SES than for the other variables (Table 2 ). In addition, SES had no effect on suPAR levels or on the other parameter estimates (data not shown). Because of this, we did not include SES in the final model.
CVD risk factors. Triglycerides, SBP, and a family history of MI had no effect on suPAR level in the CVD model. Total cholesterol was associated with lower suPAR levels in men and higher suPAR levels in women. However, the associations were weak (P , 0.05). In contrast, HDL cholesterol was strongly associated with lower suPAR levels (P , 0.001) in both the CVD and Combined models. A personal history of MI was associated with higher suPAR levels in both the CVD (P , 0.001) and Combined models, although The influence of the listed variables on plasma suPAR levels (ng/ml) in men when mutually adjusted. The Reference point corresponds to the suPAR value of the male reference point as defined in the Methods. *P , 0.05. **P , 0.01. ***P , 0.001. ‡ Bmi was included as a spline, and the relationship between the suPar level and Bmi is shown in Figure 2 . Abbreviations: BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease; HDL, high-density lipoprotein; MI, myocardial infarction; suPAR, soluble urokinase plasminogen activator receptor.
the association was not as strong in the Combined model (P , 0.05). BMI was strongly associated with higher suPAR levels (P , 0.001 for both sexes, Fig. 1 ). Incident diabetes was moderately associated with higher suPAR levels in the CVD model (P , 0.01), but this was not statistically significant in the Combined model.
Effect sizes and interactions. Effect sizes for the Combined model are illustrated in Figure 2 . Given that the reference point was 2.49 ng/mL for men and 3.01 ng/mL for women, most of the investigated factors had a modest influence on suPAR levels (less than 0.5 ng/mL). However, daily heavy smoking and class III/morbid obesity (BMI $40 kg/m 2 ) were associated with a $1 ng/mL increase in the suPAR level. Age, total cholesterol, and HDL cholesterol are continuous measures, but the scales are rather restricted, which limits the effect size. The R 2 was 0.22 for the Combined model for both men and women.
To illustrate the combined effect of several risk factors on suPAR, we calculated the suPAR level for six illustration persons based on the Combined model ( Fig. 3) : two healthy, two with high risk of CVD (but no smoking), and two with high CVD risk including heavy daily smoking. A man with high CVD risk had 1.27 ng/mL higher suPAR, and a woman with high CVD risk had 1.74 ng/mL higher suPAR compared to their healthy counterparts. If heavy smoking was also present, this difference was 2.90 ng/mL and 3.31 ng/mL for men and women, respectively.
When testing for pair-wise interactions between smoking, alcohol consumption, and BMI, we found statistically significant interactions between smoking and alcohol consumption and between BMI and alcohol consumption. However, there was no indication of any synergistic effects. For example, persons who were alcohol-abstinent and smoked 15-24.9 g tobacco/day had 0.5 ng/mL higher suPAR level; abstinent persons who instead smoked $25 g tobacco/day had a 0.2 ng/mL lower suPAR level.
discussion
In this large general population, we found that smoking and morbid obesity were associated with high serum suPAR levels. Diet and alcohol consumption also seemed to impact The influence of the listed variables on plasma suPAR levels (ng/ml) in women when mutually adjusted. The reference point corresponds to the suPAR value of the female reference point as defined in the Methods. *P , 0.05. **P , 0.01. ***P , 0.001. ‡ Bmi was included as a spline, and the relationship between suPar level and Bmi is shown in Figure 2 . Abbreviations: BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease; HDL, high-density lipoprotein; MI, myocardial infarction; suPAR, soluble urokinase plasminogen activator receptor.
suPAR levels. Ex-smokers had suPAR levels comparable to those of never-smokers, most likely indicating that lifestyle changes are subsequently reflected by changes in suPAR levels. Our findings confirmed that suPAR increases with age, that women have higher suPAR levels than men, and that low HDL cholesterol and a history of MI are associated with higher suPAR levels. Surprisingly, incident diabetes had no effect on suPAR levels when adjusted for CVD risk factors and lifestyle factors.
The plasma suPAR level has been shown to be predictive of disease development and premature mortality in the general population. Eugen-Olsen et al stratified baseline data from the Danish MONICA cohort according to suPAR quartiles. 9 In the 3rd and 4th suPAR quartiles (highest suPAR levels), they observed significantly more women and daily smokers, higher age, a higher prevalence of diabetes and CVD, as well as higher total cholesterol, triglyceride, and CRP levels. Higher SBP was also associated with higher suPAR levels, while HDL cholesterol was actually lower in the 1st suPAR quartile (lowest suPAR levels) than in the 2nd and 3rd, although the 4th suPAR quartile had the lowest HDL cholesterol. In contrast, we showed a strong and uniform negative association between HDL cholesterol and suPAR level. Langkilde et al analyzed data from the same cohort, but stratified baseline suPAR according to baseline variables in the same way as in the present study. 16 They found no association between suPAR and BMI in men, and only a modest association in women. However, in the MONICA study, all degrees of obesity were combined into a single category (BMI .30 kg/m 2 ). This category is likely to contain mostly people with BMIs in the 30-35 kg/m 2 range, and our results indicate that such people have normal or nearnormal suPAR levels. The Malmö cohort found the same associations as we did for age, smoking, and CVD, but they did not find an association of suPAR levels with diabetes. 10 However, the Malmö cohort contained a relatively low number of cases with diabetes (n = 72). Also, the incidence of diabetes may have been underestimated in both the Malmö and MON-ICA cohorts since it was based only on FPG. In the current study, incident diabetes was based on self-reported data as well as on additional per protocol screening with an OGTT.
The results from previous studies are hampered by the fact that they are not mutually adjusted, and the studies were not designed to analyze suPAR's associations with baseline data. To our knowledge, we are the first to show that incident diabetes has little effect on suPAR levels when adjusted for CVD risk factors and no effect when also adjusted for lifestyle factors. However, this does not necessarily contradict the conclusion by Eugen-Olsen et al. 9 that high suPAR levels predict the future development of diabetes. Also, in patients with type 1 diabetes, it has recently been shown that elevated suPAR levels are associated with diabetic complications. 17 We observed that women have higher suPAR levels than men. This is in agreement with previous studies, but the reason for the sex difference is unknown. A recent study indicated that there was a strong negative association between muscle mass and suPAR in a cohort of 1,142 HIV-infected individuals. 18 Since men have a higher muscle mass than women, this may in part explain the sex difference. We were unfortunately unable to adjust for muscle mass. We also show that men had a larger increase in suPAR level per year than did women. Based on our results, the healthy man from this cohort will catch up with the healthy woman when they are both 87 years old. After then, men have higher suPAR levels. However, given the higher prevalence of risk factors in the male population, this suPAR equilibrium between men and women will often occur at an earlier age.
Regarding alcohol, we found that abstinent men had higher suPAR levels. Only 6.7% of males in this cohort did not drink alcohol, whereas twice as many women were abstinent. It is likely that the group of males who are abstinent contains a large proportion of ex-alcoholics and persons taking medications with alcohol interactions, and disease may therefore account for the higher suPAR level in this group. Surprisingly, women with an overuse of alcohol had a lower suPAR level, even in the fully adjusted model. The reason for this is unknown, but in a recent study on 120 alcoholics, alcoholism alone was associated with a moderate increase in suPAR levels, whereas alcoholic liver disease was associated with a large increase in suPAR levels. 19 Further studies are needed to confirm that alcohol overuse in women is associated with lower suPAR levels. The detailed reporting of dietary intake in this cohort allowed us to rate the diet of each subject. We found that both average and unhealthy diets were associated with higher suPAR levels, even when adjusted for both CVD risk factors and lifestyle factors. The effect was relatively small (0.18 ng/mL higher suPAR level when eating an unhealthy diet), but the concept of a biomarker that reflects the quality of one's diet is intriguing.
This study has some limitations. suPAR levels were measured in 10-year-old serum samples. While suPAR is a very stable protein over time, it is likely that sublimation of the serum fluids leads to a systematic overestimation of plasma suPAR levels, thus making interpretation of absolute suPAR concentrations difficult. The fact that all samples in this study consisted of serum most likely contributes to this effect. Unfortunately, CRP was not measured in this cohort for comparison. The observation that ex-smokers had suPAR levels comparable to those of never-smokers despite the high levels in daily smokers suggests that suPAR may be used to monitor individual lifestyle changes. Unpublished data from our group show that suPAR decreased after 3 weeks of smoking cessation in 35 out of 36 individuals. However, further studies are needed to test the hypothesis that suPAR actually changes according to a variety of lifestyle changes. Similarly, while there is considerable evidence that elevated suPAR levels reflect a state of low-grade inflammation and increased risk of mortality as well as inflammation-related diseases, we cannot analyze this in a baseline study. It would also be interesting to test the hypothesis that a certain suPAR concentration confers a certain risk, regardless of whether smoking, high BMI, or a third factor is the underlying cause. We plan to do a follow-up analysis of this cohort to address these questions.
In conclusion, here we investigated serum suPAR levels in 5,538 persons aged 30 to 60 years in a Danish general population. In unadjusted analysis, suPAR levels were significantly associated with lifestyle factors, demographic factors, and CVD risk factors. In mutually adjusted analyses, daily smoking, high BMI, unhealthy diet, increasing age, female sex, low HDL, and previous MI were significantly associated with higher suPAR levels. In women, alcohol overuse was associated with lower suPAR levels, whereas alcohol abstinence was associated with higher suPAR levels in men. Physical activity and incident diabetes had no effect on serum suPAR levels for either sex when adjusted for lifestyle and CVD risk factors. Daily smoking and morbid obesity had the greatest effect on serum suPAR levels, followed by female sex and a personal history of MI. We found an R 2 of 0.22 in the final model, indicating that 22% of the suPAR variance can be explained by lifestyle factors. Further analysis is needed to determine whether factors associated with higher suPAR levels also confer an increased mortality risk. 
